Abstract. Although cardiovascular complications are the major determinant of the prognosis of Cushing's syndrome (CS), factors contributing to the cardiovascular lesions are still unclear. We investigated clinical factors determining cardiac function in patients with adrenal CS. Fifty patients with adrenal CS were studied. Patients were divided into 3 groups based on their NYHA classification and electrocardiographic (ECG) findings: group A with NYHA grade 0 and normal eCg, group b with nyHA grade I and abnormal eCg, and group C with nyHA grade II or higher. Clinical and echocardiographic findings were compared between the groups. Heart failure of grade I or higher was seen in 40% and grade II or higher was seen in 8% of the patients. Age, HbA1c, and prevalence of diabetes mellitus were positively correlated and serum potassium levels were negatively correlated with the severity of cardiac dysfunction. Decreased ejection fraction (EF) and the ratio of the peak to late transmittal filling velocities (E/A), and increased left ventricular mass index (LVMI) were frequently observed. Multivariate analysis demonstrated that serum potassium and HbA1c levels were independent factors contributing to eF, while serum potassium and cortisol levels were independent factors contributing to LVMI. These results clearly demonstrated that hypokalemia, diabetes mellitus, and hypercortisolemia are the major contributing factors to cardiac dysfunction in adrenal CS. Strict control of these conditions is warranted for the prevention of cardiac dysfunction in adrenal CS.
sists even after normalization of endocrine abnormalities [4, 5] .
The mortality rate due to cardiovascular complications is 4 times as high in Cushing's syndrome patients as in the age-and gender-matched general population [2, 6] . Hypertension can persist even after complete removal of adrenal adenomas and normalization of hypercortisolism. The survival rate in patients with adrenal Cushing's syndrome, if hypertension is not controlled, is approximately 50% of that seen in patients with well-controlled blood pressure [7] . Cardiovascular complications are therefore important factors determining prognosis in Cushing's syndrome. Cardiac dysfunction is one of the most important cardiovascular complications affecting mortality. Cardiac hypertrophy [8] [9] [10] [11] and congestive heart failure [3, [12] [13] [14] are the major forms of cardiac dys-0900 h with a mercury sphygmomanometer after at least 30 minutes spine-position and diagnosis of hypertension was defined according to the Guideline of JnC7. blood biochemistry was measured at the time of diagnosis in patients without heart failure and before administration of diuretics in the patients with heart failure. Diagnosis of diabetes mellitus was defined as having FPG higher than 126 mg/dL [16] and/ or HbA1c higher than 6.5% according to the report by the International expert Committee in 2009 [17] , or if the patient was taking antiglycemic medication.
Subgroup classification for cardiac dysfunction
Cardiac function was clinically assessed using the classifications of the new york Heart Association (nyHA) for heart failure [18] and electrocardiogram (eCg) results. Patients were divided into three groups: group A without symptoms of heart failure and normal electrocardiograms, group b with class I nyHA classification and/or abnormal electrocardiographic findings (conduction disorder, ischemic change, and/or arrhythmia), and group C with class II-IV nyHA classification. Clinical demographics compared between the three groups were as follows: age, gender, estimated mean duration of the disease, blood pressure, fasting plasma glucose (FPg), glycosylated hemoglobin (HbA1c), serum potassium concentration, serum creatinine concentration, serum cortisol concentration (early morning, midnight, after 1-mg overnight dexamethasone suppression test [1-mg DST]), and urinary free cortisol excretion (total excretion, normalized by urine creatinine), smoking status, presence of diabetes mellitus, dyslipidemia and hypertension, antihypertensive medications, and antidiabetic agents.
Echocardiography
Thirty-seven patients were subjected to echocardiography [19] using Sonos 500 echo machines (yHP International Co. Ltd., Tokyo, Japan). end-diastolic left ventricular (LV) internal dimensions (LVDd), endsystolic LV internal dimensions (LVDs), interventricular septum thickness (IVST), and posterior wall thickness (PWT) were measured using two-dimensional targeted M-mode echocardiography, using the criteria of the American Society of echocardiography [20] . The ejection fraction (eF) was calculated using the following formula: (LVDd 2 -LVDs 2 )/ LVDd 2 ×100 function in Cushing's syndrome. Hypertension and impaired glucose and lipid metabolism due to chronic hypercortisolism and the direct effects of cortisol on the heart have been reported as risks for cardiovascular complications [9, 10] 
Patients and methods

Subjects
Fifty patients with adrenal Cushing's syndrome (44 females and 6 males; average age 46.6±14.3 years) in the active stage were studied. Patients had been referred to Tokyo Women's Medical University Hospital between 1994 and 2007 for evaluation of Cushing's syndrome. All patients showed typical Cushing's feature. The diagnosis of adrenal Cushing's syndrome was based on endocrine findings including suppressed plasma ACTH with normal or elevated serum cortisol concentration, absence of physiological circadian rhythms of serum cortisol, failure of cortisol suppression by 1 mg and 8 mg dexamethasone, visualization of an adrenal tumor in imaging studies, and pathological findings after surgery. This study has been conducted in accordance with the Helsinki Declaration on human experimentation and guideline of epidemiologic study of Japanese Ministry of Health, Labor and Welfare.
These patients were on a normocaloric, low sodium (6-10 g/day), normopotassuim diet regimen. The duration of the disease was estimated based on the appearance either of Cushing's feature, hypertension or impaired glucose metabolism. The estimated mean duration of the disease was 5.9±5.8 years (mean ±SD). blood pressure was measured between 0830 h and
Statistical analyses
All values are expressed as mean±SD. The MannWhitney U test and Kruskal Wallis test were used to compare mean values between 2 groups and 3 groups, respectively. The χ2 test was used for comparison of the prevalence of each geometric pattern in the 3 groups. Simple correlation analysis was performed to assess the correlation between echocardiographic parameters and clinical findings. Multivariate analysis was performed to assess the independent effects of clinical parameters on echocardiographic parameters. All analyses were carried out using the SPSS 11.0.1 statistical package. A value of P < 0.05 was considered to be statistically significant.
results
Although 30 patients did not show any clinical manifestation of heart failure, 16 patients had class I, and 4 patients had class IV of nyHA classification. Accordingly, the prevalence of decompensated heart failure was 8%. Patients were divided into three groups based on their NYHA classification and ECG findings: 30 patients in Group A, 16 patients in Group b, and 4 patients in group C. There was no statistical difference in gender composition, estimated mean duration of the disease, blood pressure, fasting plasma glucose concentration, serum creatinine concentration, serum cortisol concentration (early morning, midnight, after 1-mg DST), and urinary free cortisol excretion, or smoking status between the three groups ( Table 1) . Average age was highest in group C followed by groups B and A with a significant difference between the groups (Table 1, Fig. 1a ). Three of 4 patients in group C were less than 65 years of age (44, 57, 64 , and 72 y.o.).
Patients were treated with antidiabetic agents including insulin in 6 of 30 patients (20%) of group A, 4 of 16 patients (25%) of group b, and 4 of 4 patients (100%) of group C. HbA1c in group C were however significantly higher than that in Group A (Table 1 , Fig. 1b ). Serum potassium concentration was lowest in Group C followed by groups B and A with a significant difference between the groups (Table 1, Fig. 1c ). The prevalence of diabetes mellitus in group C (100%) was significantly higher than that in groups A and B (Table 1 ). There was no significant difference in the (%) and systolic function was defined as being impaired if the eF was less than 60%. The ratio of peak (E) to late (A) transmittal filling velocities (E/A) and e-wave deceleration time (DcT) as markers for diastolic dysfunction were evaluated by two-dimensional, pulsed-wave Doppler. E/A≥1.0 and E-wave DcT ranging from 150 to 250 msec were defined as normal [21, 22] . LV mass was calculated using the Penn Convention [23] . LV mass index (LVMI) was calculated by correcting LV mass with body surface area [24] and was defined as left ventricular hypertrophy if LVMI was more than 125 g/m 2 [24] . end-diastolic rWT was calculated using the following formula: PWT×2/LVDd and was defined as wall thickening if it was greater than 0.45 [24] .
To identify patterns of left ventricular hypertrophy, patients with left ventricular hypertrophy were classified into the following three groups according to the geometric pattern of their hypertrophy: concentric left ventricular remodeling (increased rWT without increased LVMI), eccentric left ventricular hypertrophy (increased LVMI without increased rWT), and concentric left ventricular hypertrophy (increased LVMI with increased rWT) [24] . Asymmetric septal hypertrophy (ASH) was defined as having IVST/PWT greater than 1.3 or IVST greater than 15 mm.
Echocardiographic findings were compared between the three groups. In addition, the correlations between echocardiographic parameters (EF, E/A, RWT, LVMI) and clinical findings (age, estimated mean duration of the disease, blood pressure, FPg, HbA1c, serum potassium concentration, serum cortisol concentration (early morning, midnight, after 1-mg DST), and urinary free cortisol excretion) were investigated using simple correlation and multivariate analysis.
of the 4 patients in the group C with severe heart failure, one patient died of heart failure 3 weeks after adrenalectomy and autopsy disclosed the presence of severe dilated cardiomyopathy. echocardiographic and biochemical findings one year after the surgery were compared to those before the surgery in 3 patients of the group C with heart failure.
Hormone assay
Serum cortisol was measured by radioimmunoassay in commercial laboratories using radioimmunoassay kits (Amerlex rIA; ortho-clinical Diagnostics Co., Tokyo). and group C, respectively. eF was lowest in group C followed by groups B and A ( Table 2 , Fig. 3a ). E/A was significantly lower in Group C than that in Group A (Table 2, Figure 3b ). There was no significant difference in e-wave DcT between the groups. LVDs was significantly greater in Group C than in Groups A and B (Table 2) . Although there was no significant difference in LVDd, IVST, PWT, and rWT between the groups, ventricular wall thickening (rWT greater than 0.45) was more prevalent in groups b (50%) and C prevalence of dyslipidemia and hypertension. none of the patients was given diuretics for hypertension and/ or heart failure at the time of the present study. There was no significant difference in the classes of antihypertensive medications between the groups (Table 1) . In the 37 patients subjected to echocardiography, EF was decreased in 24%, E/A was decreased in 62%, rWT was increased in 57% and LVMI was increased in 41% of the whole patients (Fig. 2) . Twenty-two, 11, and 4 patients were classified in group A, group b, 
Fig. 3. Comparison of EF (a), E/A (b), and LVMI (c) between the 3 groups of adrenal Cushing's syndrome patients classified by
NYHA classification and ECG findings. * p<0.05 between the 3 groups, # p<0.05 vs. group A DST, and urinary free cortisol excretion were not independent explanatory variables for eF or LVMI. Changes in cardiac function and biochemical measurements were compared before and one year after adrenal surgery in 3 patients of group C. eF, LVMI, serum potassium, and HbA1c were all significantly improved as well as the plasma cortisol concentration (data not shown) in those 3 patients after surgery (Table 4) .
discussion
We have investigated cardiac function and its contributing factors in 50 patients with adrenal Cushing's (50%) than in group A (36.7%). LVMI was greatest in Group C followed by groups B and A with a significant difference between the groups (Table 2, Fig. 3c) .
The geometric pattern of cardiac morphology is shown in Fig. 4 . A normal geometric pattern was seen in 35.1% of 50 patients. However, concentric remodeling, eccentric hypertrophy, and concentric hypertrophy were seen in 24.4%, 8.1% and 32.4% of patients, respectively. The overall prevalence of an abnormal geometric pattern was 64.9% of the patients (Fig.4a) . Although not statistically significant, the prevalence of concentric hypertrophy in groups b and C (Fig. 4b) was twice as high as in group A (Fig. 4c) . ASH was not seen in any of the patients in this study.
There was a significant positive correlation between serum potassium concentration and eF (r 2 =0.467, P<0.005) (Fig.5a ) and a significant negative correlation between serum potassium concentration and LVMI (r 2 =-0.439, P<0.01) (Fig. 5b) . In contrast, there was no significant correlation of age, systolic and diastolic blood pressure, estimated mean duration of the disease, or any of the cortisol measurements with the echocardiographic parameters including EF, E/A and LVMI.
Multivariate analysis of clinical factors contributing to the echocardiographic parameters revealed that serum potassium concentration and HbA1c were independent explanatory variables for eF. Age was shown to be an independent explanatory variable for E/A. Serum potassium concentration and serum cortisol concentration in the morning were shown to be independent explanatory variables for LVMI (Table 3) . by contrast, serum cortisol concentration at midnight and after 1 mg tained by echocardiography in 37 patients with adrenal Cushing's syndrome. both eF, a marker of systolic function, and E/A, a marker of diastolic function, were low in many patients, and low cardiac function coincided with the clinical subgroups established based on NYHA classification and ECG. Multivariate analysis demonstrated that HbA1c was an independent explanatory factor for decreased eF. Treatments of diabetes may affect the correlation between HbA1c levels and cardiac function through their effects on the diabetic control. However, HbA1c levels were highest in group C compared to other groups despite of the most intensive antidiabetic treatments in this group. It is therefore suggested that elevated HbA1c levels is an explanatory factor for cardiac dysfunction regardless the antidiabetic treatments. even a 1% increase in HbA1c doubles the risk for heart failure [27] , and the diabetes is closely related to later development of heart failure [28] . In addition, hyperglycemia induces diabetic cardiomyopathy through its direct cardiotropic effects [29] . All of these findings suggest that abnormal glucose metabolism is an important risk factor for cardiac dysfunction in Cushing's syndrome patients. Thickening of the rWT was seen in many patients in this study in agreement with previous findings [15] . Increases in LVMI were also frequently observed and the extent of the changes coincided with the clinical subgroupings. Increased LVMI has been demonstrated to be a risk factor for myocardial ischemia and impairment of the heart conduction system leading to the development of heart failure [30] . Analysis of the geometric pattern of the heart showed concentric hypertrophy with the worst prognosis [31] in 32.4% of the patients with adrenal Cushing's syndrome. In adsyndrome. We demonstrated that 8% of patients had decompensated heart failure according to the nyHA classification. To investigate the factors contributing to cardiac dysfunction in this population, patients were divided into three groups based on their nyHA heart failure classification and electrocardiographic findings. We found that age, HbA1c levels, serum potassium concentration, and diabetes mellitus status are correlated with severity of the cardiac dysfunction.
The average age of patients in group C, who had the most severe cardiac dysfunction, was higher than that of patients in groups A and b. These results are consistent with a previous study showing that age is the most important predictive factor for complications of heart failure [25] . However, the average age of group C, 59.3 years, was significantly younger than the average age of 70 years seen in patients with chronic heart failure in the general population [26] . Mancini et al. [3] reported that the prevalence of heart failure was 8.2% in a group of Cushing's syndrome patients with a mean age of 43.6 years. Taking these results into account, it appears that heart failure develops at a younger age in Cushing's syndrome patients than in the general population. Serum potassium concentration was significantly lower in group C than in groups b and A. In agreement with previous findings [3] , 50% of the 50 patients with adrenal Cushing's syndrome also had diabetes mellitus. HbA1c was highest in group C, the group with the most severe cardiac dysfunction, and all of the patients in this group also had diabetes mellitus. These results suggest that serum potassium concentration and abnormal glucose metabolism are closely related to cardiac dysfunction.
Cardiac function was more quantitatively ascer- Table 4 . Changes in cardiac function and serum potassium (K), and HbA1c in three patients of group C with severe cardiac failure before and one year after adrenalectomy LVMI independent of arterial blood pressure in essential hypertension. In this study, we demonstrated by multivariate analysis that serum cortisol is an independent explanatory variable for the increase in LVMI in adrenal Cushing's syndrome. Cortisol has been demonstrated to be involved in left ventricular hypertrophy through diverse mechanisms including hypertension [40] , potentiation of the hypertrophic effects of noradrenalin and angiotensin II [41] , and activation of the local renin-angiotensin-aldosterone system in the heart [42] . More recently, cortisol was shown to stimulate both the entry of cardiomyocytes into the cell cycle leading to cardiomyocyte proliferation [43] and expression of angiotensinogen mrnA leading to cardiomyocyte hypertrophy [44] . These results suggest that cortisol acts directly on the heart through glucocorticoid receptors. Serum cortisol concentrations at midnight and after 1 mg DST, and urinary cortisol excretion are expected to reflect the excessive secretion of cortisol in Cushing's syndrome. There was however no significant correlation between these parameters and cardiac function in this study. Although the exact reasons for the lack of significant correlation remain to be elucidated, accuracy of collecting 24 hours urine as well as the sensitivity of the cortisol assay, especially that in the lower concentration range, may be responsible for the dissociation. by contrast, serum cortisol concentration in the morning was shown to significantly correlate to the cardiac function in the present study. Although not many studies described the pathophysiological significance of serum cortisol concentration in the morning in Cushing's syndrome, bonnin r et al. [45] clearly demonstrated a significant correlation between morning serum cortisol concentrations and urinary free cortisol excretion in Cushing's syndrome. Serum cortisol concentration even determined in the morning therefore could reflect hypercortisolism.
We have investigated the post-operative course of the 4 patients in group C with severe heart failure. besides the one patient who died of heart failure after surgery, three patients showed a significant improvement of cardiac function associated with normalization of serum potassium, HbA1c, and hypercortisolemia. These results demonstrated the reversibility of the cardiac dysfunction and provided rational for an early diagnosis and treatments in patients with Cushing's syndrome.
In conclusion, we have investigated cardiac function in 50 patients with adrenal Cushing's syndrome. dition, the frequency of concentric hypertrophy was higher in groups b and C than in group A. These results suggest that Cushing's syndrome is associated with left ventricular hypertrophy with a poor geometric pattern. Although Sugihara et al. [9] demonstrated that ASH is the characteristic pattern of hypertrophy in Cushing's syndrome, none of the patients in our study showed that type of hypertrophy.
Details of the mechanisms responsible for cardiac hypertrophy in Cushing's syndrome are still unclear. Hypertension is one of the most crucial factors involved in cardiac hypertrophy. However, there was no significant difference in blood pressure or duration of the disease between the 3 groups. In addition, simple correlation and multivariate analysis did not show a significant relationship between blood pressure and LVMI. Most of the patients studied were under treatment for hypertension, which may explain the lack of correlation between blood pressure and cardiac hypertrophy. expression of the angiotensin II type 1 receptor and the vascular response to angiotensin II are increased in patients with Cushing's syndrome [32] , suggesting upregulation of the activity of the renin-angiotensin system. We therefore hypothesized that certain types of antihypertensive medications, especially those that affect the renin-angiotensin system, might modify cardiac function and morphology. However, the use of different classes of antihypertensive medications was not significantly different between the 3 groups, suggesting that this is not the case.
Serum potassium concentration was shown to be inversely correlated with eF and LVMI and to be an independent explanatory variable for these functional and morphological parameters. Hypokalemia is known to be a risk factor for acute heart failure, ventricular arrhythmia, and sudden death [33, 34] . Since serum potassium concentration has a key role in determining the cell membrane resting potential of cardiac myocytes, decreased serum potassium concentration causes arrhythmia [35] by affecting the impulseconduction system and cardiac contraction [36] . Hypokalemia has also been shown to induce dilated cardiomyopathy [37] and cardiac hypertrophy by direct mechanisms [38] .
Hypercortisolism, the major pathophysiological condition in Cushing's syndrome, has been suggested to contribute to cardiac hypertrophy [9, 10, 14] . Duprez et al. [39] have shown evidence of a significant relationship between cortisol production and dent factors determining eF and LVMI, eF, and LVMI, respectively. Taken these results and those of the postoperative changes indicate that hypokalemia, diabetes mellitus, and increased serum cortisol levels are important factors in the development of cardiac dysfunction in patients with adrenal Cushing's syndrome. Strict treatments of these complications before ultimate surgical treatment are warranted for the prevention of cardiovascular lesions in adrenal Cushing's syndrome.
Heart failure with Class I or higher nyHA classification and/or abnormal ECG findings was seen in 40% of the patients and was correlated with age, serum potassium concentration, and abnormal glucose metabolism. echocardiography demonstrated a high prevalence of cardiac systolic and diastolic dysfunction and an increase in ventricular wall thickness and LVMI in these patients. Multivariate analyses demonstrated that serum potassium, HbA1c, and cortisol levels are indepenreferences
